Glutathione S-transferase pi has been shown to reactivate 1-cysteine peroxiredoxin (1-Cys Prx) by formation of a complex. A model of the complex was proposed based on the crystal structures of the two enzymes. We have now characterized the complex of GST pi/1-Cys Prx by determining the M w of the complex, by measuring the catalytic activity of the GST pi monomer, and by identifying the interaction sites between GST pi and 1-Cys Prx. The M w of the purified GST pi/1-Cys Prx complex is 50,200 at pH 8.0 in the presence of 2.5 mM glutathione, as measured by light scattering, providing direct evidence that the active complex is a heterodimer composed of equimolar amounts of the two proteins. In the presence of 4 M KBr, GST pi is dissociated to monomer and retains catalytic activity, but the K m value for GSH is increased substantially. To identify the peptides of GST pi that interact with 1-Cys Prx, GST pi was digested with V8 protease and the peptides were purified. The binding by 1-Cys Prx of each of four pure GST pi peptides (residues 41-85, 115-124, 131-163, and 164-197) was investigated by protein fluorescence titration. An apparent stoichiometry of 1 mol/subunit 1-Cys Prx was measured for each peptide and the formation of the heterodimer is decreased when these peptides are included in the incubation mixture. These results support our proposed model of the heterodimer.
In all cases, GST pi was eluted using a buffer containing 2.5 mM S-hexylglutathione. 1-Cys Prx contains a His 6 -tag at the C-terminus; thus, purification of the protein was performed using a Ni-NTA column, as described previously [13] . All of the enzymes were purified to homogeneity, yielding a single peptide by N-terminal sequencing on an Applied Biosystems gas-phase sequencer (Model Procise) equipped with an on-line Microgradient Delivery System (Model 140 C) and a computer (Model 610 Macintosh). Each of the enzymes exhibited a single band by SDS-PAGE. All purified GSTs were stored in aliquots at −80 °C, and all purified 1-Cys Prx proteins were stored in aliquots at 4 °C, both enzymes in 0.05 M Tris-Cl buffer at pH 8.0.
Determination of the molecular mass of the enzymes
Light scattering measurements with a miniDAWN laser photometer (Wyatt Technology Corp., Santa Barbara, CA) was used to determine the molecular mass of GST pi, 1-Cys Prx, and the complex. All samples (0.1-0.3 mg/mL) were in 0.05 M Tris-Cl, pH 8.0 and filtered through a 0.02-μm filter before being used and, when indicated, a saturating concentration of GSH was included. The addition of GSH to the enzyme samples was used to determine if this substrate would promote dimerization. Data were collected at a laser wavelength of 690 nm and analyzed using ASTRA software for Windows. The A 280 nm was used to determine the protein concentration (E 0.1% 280 nm = 1.24 for GST pi [14] , 1.07 for 1-Cys Prx, and 1.16 for the complex [9] ).
Light scattering was also conducted for GST pi samples (0.1-0.4 mg/mL) in 0.05 M sodium-MES buffer (pH 6.5) containing various concentrations of KBr (0-4 M). The average molecular mass of each sample was also determined in the presence of a saturating GSH concentration.
Standard assay for GST activity
Enzymatic activity toward 1-chloro-2,4-dinitrobenzene (CDNB) was measured in a total volume of 1.0 mL using a Hewlett-Packard 8453 spectrophotometer by monitoring the formation of the conjugate of CDNB (3 mM) and GSH (2.5 mM) at 340 nm (Δε = 9600 M −1 cm −1 ) in 0.1 M potassium phosphate buffer (pH 6.5), containing 1 mM EDTA and 2.5% ethanol at 25 °C, according to the method of Habig et al. [15] . An enzyme unit is defined as the amount of enzyme that converts 1 μmol/min of CDNB to the conjugate. All measurements were corrected for the spontaneous nonenzymatic rate of formation of the conjugate of GSH and CDNB.
The apparent K m value of GST pi for glutathione was determined at 25 °C by varying the glutathione concentrations (0.01-2 mM) while keeping a constant CDNB concentration (3 mM) . Similarly, the apparent K m value for CDNB was determined from a range of concentrations of CDNB (0.01-4.0 mM) at a constant glutathione concentration (2.5 mM) in 0.1 M potassium phosphate buffer containing 1 mM EDTA and 2.5% ethanol (pH 6.5).
The kinetic parameters were also determined for GST pi in 0.05 M sodium-MES (pH 6.5) containing the various concentrations of KBr. For these measurements, the enzyme was stored in 0.05 M sodium-MES (pH 6.5) and was diluted into the assay buffer of 0.05 M sodium-MES (pH 6.5) and KBr immediately before the activity measurements. In determining the K m for CDNB in the presence of KBr, the constant [glutathione] was maintained at 25 mM.
Formation of GST pi/1-Cys Prx complex under standard conditions
Heterodimers were generated in which one subunit was a non-His-tagged GST pi and the other subunit was a His-tagged 1-Cys Prx. The enzymes were incubated together in 20% 1,6-hexanediol in 0.05 M Tris-Cl at pH 8.0 for 2 h at 25 °C to facilitate complete dissociation to monomers [16, 9] . A total of 1 mg of each enzyme in 1 mL of buffer was used. This mixture was then dialyzed overnight (molecular weight cutoff = 10 kDa) against 50 mM Tris-Cl buffer containing 2.5 mM reduced GSH at pH 8.0 and 4 °C to remove 1,6-hexanediol and allow the reformation of dimers. The mixture of two proteins was then loaded onto a Ni-NTA column (1.5 mL) equilibrated in 0.05 M Tris-Cl buffer at pH 8.0 containing 2.5 mM reduced GSH at 4 °C. The enzymes separate because 1-Cys Prx has a His-tag on each subunit and binds tightly to the Ni-NTA column, while the GST pi has no His-tag and does not bind to the column. The heterodimer (in which only one of the two subunits has a His-tag) binds less tightly to the Ni-NTA column than does 1-Cys Prx alone (in which every subunit contains a His-tag). The column was washed with 0.05 M Tris-Cl buffer at pH 8.0, containing 2.5 mM GSH, to remove unbound GST pi. The heterodimer and 1-Cys Prx were separated using a linear gradient from 0.05 M Tris-Cl at pH 8.0 containing 2.5 mM reduced GSH to the same buffer with the addition of 0.3 M imidazole (20 mL of each buffer). (If the column is eluted, with buffer lacking GSH, the heterodimer complex dissociates.) The column eluate was monitored at A 280 nm . Fractions of 1 mL were collected, and the GST activity was determined under standard conditions. The three peaks were pooled separately and concentrated to approximately 1 mL using the Centriplus YM-10 centrifugal filter device (molecular weight cutoff = 10 kDa). To remove the imidazole, the heterodimer and 1-Cys Prx were dialyzed against 0.05 M Tris-Cl buffer at pH 8.0 containing 2.5 mM reduced GSH. The activity of the recovered GST pi, as well as the purified heterodimer, was determined under standard conditions. The A 280 nm was used to determine the protein concentration. All three enzymes were stored at 4 °C in 0.05 M Tris-Cl buffer at pH 8.0 containing 2.5 mM reduced GSH. The N-terminal sequences of the recovered proteins were determined to confirm the composition and purity of the enzymes.
Proteolytic digestion of GST pi by Staphylococcal protease V8
GST pi (1.0-2.0 mg/mL) was incubated for 30 min in 0.05 M Tris-Cl buffer (pH 8.0) with 6 M Urea and 10 mM N-ethylmaleimide at 25 °C to block the free −SH groups. The enzyme solution was then dialyzed overnight (molecular weight cutoff = 10 kDa) against 4 L of 50 mM ammonium bicarbonate (pH 7.8). The enzyme solution was lyophilized and then resolubilized in 1.0 mL of 2 M urea in 50 mM ammonium bicarbonate (pH 7.8) and incubated at 37 °C for 2 h. V8 protease [5.0% (w/w)] and the enzyme sample were incubated for 2.5 h at 37 °C. A second aliquot of the V8 protease solution was added, and incubation was continued for another 2.5 h at 37 °C.
HPLC separation of peptides
The proteolytic digest was injected onto a Varian 5000 LC HPLC (Varian, Walnut Creek, CA) equipped with a Phenomenex C18 reverse-phase column (0.46 × 25 cm) equilibrated with solvent A (0.1% trifluoroacetic acid in water). After elution with solvent A (0% solvent B) for 10 min, a linear gradient was run to 10% solvent B (0.075% trifluoroacetic acid in acetonitrile) at 30 min followed by a linear gradient to 25% solvent B at 105 min. The linear gradient was continued to 35% solvent B at 115 min, followed by 45% solvent B at 180 min, and finally a 30-min gradient to 100% solvent B. The column was eluted for 10 min with 100% solvent B. The flow rate was 1 mL/min. The eluate was monitored at 220 nm with 1 mL fractions collected. The peptide peaks resulting from the HPLC separation were lyophilized and analyzed by N-terminal sequencing as described previously.
Formation of GST pi/1-Cys Prx complex in the presence of GST pi peptide fragments GST pi/1-Cys Prx complexes were formed under standard conditions (2 h of incubation with 20% 1,6-hexanediol at 25 °C) as described above except that either a fraction from the separated GST pi proteolytic digest or 100 μM of a pure synthetic GST-derived peptide was included. The GST pi, heterodimer complex and 1-Cys Prx were separated using Ni-NTA chromatography. The conditions were the same as described above, except that dialysis was conducted using a membrane with a molecular weight cutoff of 500 to remove 1,6-hexanediol while retaining the proteins and the test peptides. The activity of the recovered GST pi homodimer, as well as the purified complex, was determined under standard conditions as described above. The A 280 nm was used to determine the protein concentration.
The N-terminal sequences of the recovered GST pi, 1-Cys Prx, and purified heterodimers were determined to confirm the purity of the enzymes.
Fluorescence spectrophotometry
The steady-state fluorescence spectra of 1-Cys Prx (2 μM enzyme subunits) in 0.05 M TrisCl buffer, pH 8.0 were measured on a Perkin-Elmer MPF-3 fluorescence spectrophotometer at 25 °C. The enzyme solutions were excited at 280 nm and the emission spectrum of each sample was scanned and recorded in the range of 290-420 nm. The bandwidth for excitation and emission was 10 nm. The spectra were corrected for the background contributed by the buffer.
The stoichiometry of binding for each synthetic GST peptide fragment was determined by fluorescence titration. The decrease in protein fluorescence of 1-Cys Prx (2 μM) in 0.05 M Tris-Cl buffer, pH 8.0, was monitored as a function of peptide concentration (0.04-4 μM). For all measurements, the excitation wavelength was 280 nm and the emission was monitored at 330 nm at 25 °C. In a typical experiment, two parallel samples containing a 1 mL solution of 1-Cys Prx or buffer alone were titrated with 2 μL aliquots of a concentrated GST pi peptide solution. The final dilution did not exceed 2-3% of the initial volume. Fluorescence titration data were corrected for dilutions.
Protein-protein docking of the GST pi and 1-Cys Prx complex
We have used a two stage procedure called ZDOCKpro 1.0, as described previously [9] . The ZDOCKpro package is based on the ZDOCK and RDOCK programs within Insight II molecular modeling software (Molecular Simulations, Inc.). The Protein Data Bank structures used were PDB: 1PRX (1-Cys Prx) and 19GS (GST pi). The model of the heterodimer complex is the same one presented previously [9] .
Results
The complex between GST pi and 1-Cys Prx is a heterodimer Previously, we isolated and characterized a complex between GST pi and 1-Cys Prx that had a molar ratio of 1:1 based on N-terminal sequencing, but the molecular mass of this complex had not been determined [9] . In order to assess the composition of the complex, molecular masses for wild-type human GST pi, 1-Cys Prx, and the complex were determined using light scattering (Table 1) . First, the molecular mass of wild-type human GST pi was examined over a range of protein concentrations (0.1-0.4 mg/mL) in the absence and presence of glutathione. The monomeric mass of GST pi is 23,500 Da; thus, if the enzyme were completely dimeric in solution, the molecular mass should be approximately 47,000 Da. In contrast, the results shown in Table 1 (columns 2 and 3) indicate that the molecular mass of GST pi is significantly lower than that expected for a fully dimeric species, suggesting that in solution, GST pi exists in a dimer-monomer equilibrium with the monomer predominating. 2 The percentage of dimer and monomer in the protein solutions can be determined from the measured average mass at a known protein concentration; the fraction of the total concentration that is monomer and dimer can be calculated using the known mass values of the monomer and the dimer. For example, at a concentration of 0.1 mg/mL of GST pi, the average molecular mass is 29,300 Da in the presence of GSH as compared to 47,000 Da if the protein was 100% dimer, suggesting that the enzyme is only 25% dimeric in solution. The existence of appreciable amounts of GST pi monomer in solution may account, in part, for the ability of this isozyme of GST to form a complex with 1-Cys Prx. For comparison, under similar conditions, the M w is 50,100 Da for the alpha-GST [17] and 46,900 Da for the mu-GST [18] , indicating that these enzymes are, respectively, 88% and 83% dimeric in solution. These results may explain, in part, the observation that of the glutathione S-transferases tested for the ability to form a complex with 1-Cys Prx, alpha class GST had no effect and mu class was only 20% as effective as GST pi [9] .
Since GSH has been shown to be an important component in the formation and activation of the complex between GST pi and 1-Cys Prx [9] , the molecular mass of GST pi was also determined in the presence of the same concentration of GSH used to form the complex (2.5 mM). Table 1 (columns 2 and 3) shows that the addition of GSH does not appreciably change the molecular mass of GST pi indicating that GSH does not promote complex formation by shifting the dimer-monomer equilibrium of GST pi.
It was important to ascertain the molecular mass of 1-Cys Prx alone. The 1-Cys Prx subunit (with 6 His) has a molecular mass of 25,900; in this case, if 1-Cys Prx is completely dimeric in solution, the molecular mass should be approximately 52,000. The results of Table 1 (columns 4 and 5) suggest that 1-Cys Prx also exists in an equilibrium mixture of dimer and monomer, as shown by an average molecular mass of about 37,000 Da, significantly lower than the value expected for a dimer. Furthermore, the presence of GSH did not have an effect on the equilibrium. For 1-Cys Prx, the average molecular mass suggests that in solution this protein is 53% dimeric, which also supports the proposal that the observed equilibrium may be partly responsible for its ability to form a complex with another protein.
The molecular weight of the purified GST pi/1-Cys Prx complex was determined only in the presence of GSH because of the instability of the complex in the absence of GSH [9] . Under these conditions, the average molecular mass of the complex is equal to that of a dimer (~50 kDa; Table 1 ); the complex cannot be explained by a mixture of 1-Cys Prx + GST pi since the molecular mass is greater than that for either single protein when measured alone. For the first time, we have direct evidence that the active GST pi/1-Cys Prx complex is indeed a dimer.
GST pi is active as a monomer
In our previous studies [9] , we showed that the complex is active with respect to both peroxidase and glutathione S-transferase activity. However, the GST activity in the complex (when considered per mg of GST present) was only 25% of that of GST pi alone. Since we now know that the complex exists as a heterodimer in which one subunit of GST pi interacts with one subunit of 1-Cys Prx, it is likely that GST pi retains some catalytic activity as a monomer. Furthermore, the glutathione S-transferase activity should properly be compared with that of a monomer of GST. Until now the question of whether the GST pi monomer has activity has not been addressed.
Monovalent anions have been used to disrupt the electrostatic interactions between subunits of multimeric proteins [19] . KBr was selected for this study since, in accordance with the Hofmeister series of monovalent anions, bromide is an effective protein destabilizing and dissociating reagent [19] . Moreover, Hearne and Colman [18] established that 0.05 M MES (pH 6.5) containing a range of KBr concentrations was a satisfactory system for examining the dimer-monomer equilibrium of the mu-class GST. Therefore, 0.5-4.0 M KBr was added to GST pi in 0.05 M MES (pH 6.5). Table 2 (column 2) shows that the average molecular mass of GST pi in 0.05 M MES (pH 6.5) is dependent on the concentration of KBr present. Appreciable amounts of dimer remain at concentrations up to 2.0 M KBr (Table 2) . Above 2.0 M KBr, the average molecular mass decreases as the concentration of KBr increases. The enzyme becomes predominantly monomeric (~94%) in the presence of 4 M KBr ( Table  2 ). The M w was evaluated in the absence and presence of saturating GSH concentrations to determine whether this substrate promotes dimerization. The results ( Table 2 , column 3) show that GSH has little effect on the average molecular mass of the enzyme in the presence of KBr.
GST pi was also assayed for activity in the presence of various concentrations of KBr using CDNB as the electrophilic substrate. As shown in Table 2 (column 4), the specific activity between 0 and 0.5 M KBr is essentially the same, but sharply decreases between 0.5 and 1.0 M KBr. At concentrations greater than 1.0 M KBr the specific activity gradually decreases until the values plateau at 2.0 M KBr (~15 lmol/min/mg). In contrast, most of the decrease in molecular mass of GST pi occurs between 2.0 and 4.0 M KBr ( Table 2) .
Incubation of GST pi over 5 h in 0.05 M sodium-MES (pH 6.5) containing 4 M KBr indicates that the enzyme, when assayed under the same salt conditions as those in the incubation solution, exhibits the same activity over the entire time period. Since there is no observable time dependence of change in enzymatic activity, we conclude that the activity of the wild-type enzyme in 0.05 M MES (pH 6.5) containing KBr is established rapidly and does not change over at least 5 h.
The kinetic parameters of GST pi were determined in the presence of increasing concentrations of KBr to evaluate whether the electrophilic substrate, the glutathione substrate, or both are affected by the KBr and the dissociation of the dimer. Table 3 shows the K m value for GSH and the K m and V max values for the xenobiotic substrate CDNB. For CDNB, the K m values do not change appreciably. In contrast, the K m for GSH exhibits a ~28-fold increase. Some of this K m effect is likely due to the dissociation of GST pi and some due to the effect of KBr on the catalytic reaction, because there is little change in molecular weight up to 2.0 M KBr while the K m value for GSH increases 16-fold. Similar to the specific activity values, the V max decreases to approximately 13 μmol/min/mg, clearly indicating that the monomer of GST pi retains appreciable activity.
To determine whether the monomer of GST pi has activity, we assumed that the measured V max is the sum of the contributions from the dimer and the monomer: V max = x (fraction of total that is dimer) + y (fraction of total that is monomer), where x is the specific activity of the dimer and y is the specific activity of the monomer. We can calculate the fraction of the total that is dimer and monomer from the measured average molecular mass. We selected molecular mass values for the enzyme in the presence of 2.0 M KBr because this activity reflects the effect of KBr on the activity of the enzyme in the absence of any appreciable change in the dimer-monomer equilibrium. Assuming that the activity for the monomer in 2.0 M KBr is the same as the activity of the monomer in the presence of 4.0 M KBr (where GST pi is 94% monomeric), one has two equations and two unknowns; thus a V max value can be calculated for the monomer and the dimer of GST pi of 12.0 and 31.1 μmol/min/mg, respectively. The monomer of GST pi is catalytically competent and contributes 28% of the overall specific activity. We have previously reported that the activity of the GST pi subunit within the GST pi/1-Cys Prx heterodimer is 28% that of GST pi alone. Thus, the GST activity in the complex is comparable to that of a separate GST pi monomer suggesting that the GST subunit functions independently in the heterodimer.
Effect of V8 proteolytic fragments of GST pi on the formation of the complex
The heterodimer complex is formed by incubation of purified GST pi (without a His 6 -tag) and 1-Cys Prx (with a C-terminal His 6 -tag) at pH 8.0 in buffer containing 20% 1,6-hexanediol to dissociate the homodimers, followed by dialysis against a buffer containing 2.5 mM glutathione (GSH) but lacking l,6-hexanediol [9] . The heterodimer can be purified by chromatography on a nickel-nitriloacetic acid-agarose column in the presence of GSH as described in Materials and methods. Fig. 1 (open circles) illustrates the separation of the enzymes. As proved by N-terminal sequencing in our earlier paper [9] , Peak I consists of GST pi and has no His 6 -tag; Peak II is composed of GST pi/1-Cys Prx heterodimer and it has only one His 6 -tag; and Peak III consists of 1-Cys Prx, which has two His 6 -tags/dimer.
We sought to identify the contact sites between GST pi and 1-Cys Prx in the heterodimer. So that we were not restricted to the model we have suggested of the complex [9, Fig. 6 ], we have subjected GST pi to proteolytic digestion by Staphylococcal protease V8 in ammonium bicarbonate buffer, pH 7.8, and tested the peptide peaks for their ability to inhibit the formation of the heterodimer (i.e., Peak II of Fig. 1 ). Fig. 2 shows the HPLC separation with the peptide peaks numbered. Peaks 1-8 account for the entire sequence of GST pi. The additional peaks likely represent alternate proteolytic cleavages. The molecular weights of most of the peptides range from 650 to 3500. By using a dialysis membrane with a molecular weight cutoff of 500, we have removed the hexanediol (molecular weight ~110) to allow the two proteins to form homo-and heterodimers, yet retained most of the test peptides. The extent of formation of the heterodimer in the presence of the peptide was measured by chromatography on a Ni-NTA column, as in Fig. 1 , solid circles. Table 4 reports the results of these experiments in terms of the area of the heterodimer peak, as measured by A 280 nm and by GST pi activity. From the results, it was observed that the heterodimer complex between 1-Cys Prx and GST pi did not form when a complete, unfractionated digest of GST pi was included in the mixture, (compare B with A in Table 4 and the solid with the open circles in Fig. 1 ). These results indicated that one or more of the GST pi-derived peptides was competing with GST pi and inhibiting the formation of the heterodimer complex. Furthermore, including the mixture of peptides 86-97 + 113-130 ( (Table 4 , Peak 5) had little effect on the extent of formation of the heterodimer. We thus identified five GST pi peptide regions that may be involved in the interactions between GST pi and 1-Cys Prx complex: residues 41-85, 86-97, 113-130, 131-163, and 164-197. However, for conclusive results, each of these peptides had to be tested separately with defined concentrations. The peptide of residues 115-124 was substituted for 113-130 since, based on the molecular model, this was the region of the peptide making closest contact with 1-Cys Prx. In addition, peptide fragment 32-40 was added to test whether the failure to observe effects for residues 32-36 and 37-40 was due to the fact that the peptides were too small to be retained throughout the workup procedure. These peptides were synthesized for further examination; the sequences of these peptides are shown in Fig. 3 . Each of the synthetic peptides was >90% pure.
Effect of pure, synthetic fragments of GST pi on the formation of the complex
The influence of the synthetic peptides of GST pi on heterodimer formation was investigated by including 100 μM of each peptide in the incubation mixture of GST pi and 1-Cys Prx. The extent of formation of the heterodimer in the presence of the peptide was measured by chromatography on a Ni-NTA column, as in Fig. 1 . The results are summarized in Table 5 . Peptides 41-85 and 115-124 completely inhibited complex formation (Table 5, lines 2 and 3), peptides 131-163 and 164-197 partially inhibited the formation of the complex (Table 5 , lines 4 and 5), and peptides 32-40 and 86-97 did not appreciably affect formation of the complex (Table 5 , lines 6 and 7). These results agree with the model of the heterodimer complex [9] since the peptides that substantially decreased complex formation are close to the subunit interface and suggest they may bind to 1-Cys Prx.
Effect of GST pi peptide fragments on the fluorescence of 1-Cys Prx
1-Cys Prx contains three tryptophans per monomer. Based on the proposed model of the complex, tryptophan 33, 82, and 181 are near the postulated interface; these tryptophans may be spectroscopically affected upon the binding of the GST pi fragments. When we compared the emission spectrum of 1-Cys Prx (Fig. 4, spectrum a) with that of free tryptophan (Fig. 4, spectrum d) , we observed a shift in the maximum emission peak likely due to shielding of the tryptophan residues in the proteins from the aqueous phase [20] .
A comparison of the emission spectrum (with excitation at 280 nm) of 2 μM of 1-Cys Prx alone (Fig. 4 , spectrum a) with that of the same concentration of 1-Cys Prx in the presence of 3.4 μM GST pi peptide 41-85 (Fig. 4 , spectrum c) reveals a decrease in the relative fluorescence intensity of 1-Cys Prx from 45 at its emission maximum (330 nm), to ~14 in the presence of fragment 41-85, a reduction to 31% of its original value of 1-Cys Prx caused by the addition of peptide 41-85. In contrast, when the emission spectrum of 1-Cys Prx is measured with the same concentration of GST pi fragment 131-163 (3.4 μM) (Fig. 4,  spectrum b) , the fluorescence intensity is reduced to only 29 fluorescence units, or to 65% of the fluorescence intensity of 1-Cys Prx alone. The decrease in the fluorescence intensity at the emission maximum of 1-Cys Prx in the presence of peptide 41-85 is perhaps due to a further change in solvent exposure of the tryptophan residues in the enzyme or to quenching by a proximate amino acid; but with fragment 131-163, a smaller change in tryptophan fluorescence is observed.
The binding of GST pi residues 32-40, 41-85, 86-97, 115-124, 131-163, and 164-197 to 1-Cys Prx in 0.05 M Tris-Cl, pH 8.0 was studied by monitoring the effect of increasing concentrations of each peptide on the fluorescence intensity at 330 nm of 1-Cys Prx (2 μM subunit concentration), as described in Materials and methods. Examples of these titrations are shown in Fig. 5A and B. From the concentration of the peptide at which the ΔF/ΔF max first reaches 1.0 (see Fig. 5A ), a stoichiometry was estimated of about 1 mol of peptide bound per mol of 1-Cys Prx subunit for GST pi residues 41-85 and 115-124 (Table 6 , lines 1 and 2); in these cases ΔF max is ~32. Furthermore, a stoichiometry of about 1.0 mol of peptide per enzyme subunit is obtained for GST pi residues 131-163 (see Fig. 5B ) and 164-197 (Table 6 , lines 3 and 4). However, in these cases ΔF max is ~15. Under similar conditions, 1-Cys Prx does not bind peptides 32-40 and 86-97 (Table 6 lines (Table 6 , line 1). In contrast, the peptide mixture of 41-85 + 131-163 exhibits a slightly larger ΔF max ~ 38. Moreover, the addition of 10 μM of all the peptides to 1-Cys Prx also yielded a value for ΔF max ~ 38. These results suggest that peptide fragment 131-163 may bind at a different location from all the other fragments, consistent with the original model of the complex.
Discussion
In previous studies [9] , we proposed that the mechanism of 1-Cys peroxiredoxin reactivation initially requires heterodimer formation between GST pi and 1-Cys Prx in the presence of glutathione. The formation of the complex allows GSH to have access to the oxidized cysteine 47 of 1-Cys Prx, facilitating its glutathionylation. The GST-bound GSH is thus functioning like the "resolving cysteine" residue in the 2-Cys peroxiredoxins [21] . Glutathionylation of 1-Cys Prx changes the conformation of the heterodimer, permitting a disulfide to form slowly between Cys-47 of GST pi and Cys-47 of 1-Cys Prx. (However, the intersubunit disulfide is not required for the formation or stabilization of the heterodimer since a heterodimer complex can be isolated chromographically even when S-methyl glutathione replaces reduced glutathione [9] ; in that case, though, the processes of glutathionylation, inter-subunit disulfide formation and reactivation of 1-Cys peroxiredoxin do not occur). In contrast, in the presence of GSH, the intersubunit disulfide is reduced by GSH with regeneration of the peroxidative cysteine 47 of 1-Cys Prx [9] .
We have determined that the GST pi/1-Cys Prx complex exists as a dimer. This conclusion comes from the observation that the molecular mass of the complex is ~50,000 Da in the presence of GSH [i.e., the sum of the mass of one subunit of GST pi (23,500) and one subunit of 1-Cys Prx (25,900)]. While GST pi and 1-Cys Prx have both been crystallized as dimers, our experiments show that, in solution, the individual proteins exist as mixtures of dimer and monomer since the average molecular mass of the individual proteins is significantly lower than that predicted for dimers. Indeed, the existence of insolution of appreciable amounts of monomeric GST pi and of monomeric 1-Cys Prx make it possible to form a heterodimic complex.
In our previous paper [9] , we proposed that hexanediol was needed in the heterodimer incubation mixture to dissociate the enzymes to monomers. In light of the results of the present study, we suggest that hexanediol is actually needed to facilitate conformational changes that allow heterodimer formation. In past experiments involving the use of hexanediol with GST A1-1, the organic solvent was apparently needed mainly to dissociate the dimers.
The observation that the heterodimer complex is strictly dimeric in solution, while GST pi and 1-Cys Prx exist in dimer-monomer mixtures, also suggests that the stability of the complex is greater than that of either the dimer of GST pi or the dimer of 1-Cys Prx. This conclusion is further supported by the fact that Peak II is the largest peak in Fig. 1 after dissociation and reformation of the dimers. Although the reformation of dimers from a mixed pool of subunits is a random event, the greater stability of the heterodimer favors that species (i.e., K d is lowest for the heterodimer).
There are several observations suggesting that GST pi is catalytically active as a monomer. For example, the active GST pi/1-Cys Prx complex, now identified as a heterodimer, has glutathione S-transferase activity. Additionally, although GST pi has been crystallized as a dimer, the sites for glutathione and for small electrophilic substrates (such as CDNB) are predominantly contained within each subunit; thus it is reasonable that monomers, produced under mild conditions, have activity. In a previous study, a monomeric species of a human GST pi was engineered by introducing 10 site specific mutations [22] . However, the absence of catalytic activity in this structurally stable monomer may not have general implications since it was so drastically altered.
We have here used 0.05 M MES, pH 6.5 containing a range of KBr concentrations to examine the dimer-monomer equilibrium of GST pi. Based on the crystal structure analyses of GSTs, three major interactions between the subunits in the dimer have been identified [23] [24] [25] . These interactions are the electrostatic and hydrogen-bonds between the polar amino acid residues of one subunit and that of the other subunit, the stacking interaction of two symmetrically equivalent arginines (one from each subunit), and the hydrophobic interactions, including a ball-and-socket motif. Electrostatic interactions of multimeric proteins can be disrupted by the addition of salts [26] . For example, the addition of salt resulted in the modulation of the dimer-monomer equilibrium of beta-lactoglobulin at pH 3 [27] and of GST mu at pH 6.5 [18] due to a shielding of the attractive charged groups in the proteins. We speculate that the addition of KBr also shields the electrostatic attractive forces at the GST pi subunit interface, thus, shifting the dimer-monomer equilibrium toward monomer. We found that the largest change in the specific activity was observed between 0.5 and 2.0 M KBr, while the largest change in the enzyme's average mass is observed between 2.0 and 4.0 M KBr. Therefore, the decrease in the enzyme's activity is primarily due to an effect of KBr on the catalytic reaction, and not to the dissociation of the subunits. The kinetic parameters of GST pi determined in the presence of increasing concentrations of KBr indicate that the binding site that is significantly affected by the separation of the subunits and the ionic interactions is the glutathione site rather than the electrophilic site. At the glutathione site, there is an extensive network of interactions between GSH and the amino acids of the enzyme, most of which involve residues from the same subunit binding the GSH [24] . However, there is a specific attractive interaction between the α-amino group of glutathione and the carboxylate of Asp 98 from the neighboring subunit [24] . When the enzyme subunits are separated, Asp 98 from the opposite subunit is unavailable and the K m for GSH increases. In contrast, the site for CDNB is defined entirely by the side chains of residues within the same subunit [28] ; thus separation of the subunits does not affect the binding by GST pi of this xenobiotic substrate. Furthermore, as indicated in the results from the effect of KBr on V max , the GST pi monomer is catalytically competent; in fact, the V max of the dimer is only 2.6 times that of the monomer.
A major aim of this work was to identify segments of GST pi that belong to the interface of the complex. It has long been known that fluorescence spectroscopy can be a sensitive approach for investigating the interaction of proteins with target peptides. We have used this tool to probe the interaction of 1-Cys peroxiredoxin with several peptides which could encompass the interaction sites between GST pi and 1-Cys Prx. Tryptophan 33, 82, and 181, highlighted in the model of the GST pi/1-Cys Prx, are in the vicinity of the interface of the complex (Fig. 6) , which enabled us to monitor the interaction between the GST peptides and 1-Cys Prx by means of the intrinsic fluorescence of these chromophores. These tryptophan residues of 1-Cys Prx exist in a solvent-restricted or hydrophobic environment as shown by the blue shift in the maximum emission peak observed with 1-Cys Prx when compared to free tryptophan [20] . In the presence of four GST pi peptides, a decrease in the maximum fluorescence of 1-Cys Prx at 330 nm is observed as compared to the 1-Cys Prx alone, which suggests that these fragments interact with 1-Cys Prx, further shielding it from the solvent or quenching the tryptophans [20] . Tyrosines and/or aspartates, for example, which are present in these GST pi fragments (see Fig. 3 ), can account for the quenching in fluorescence that is observed.
The identification of the GST pi segments that bind to 1-Cys Prx and inhibit the formation of the complex allows for the prediction of the types of interactions that could lead to subunit recognition and stabilization of the heterodimer. Based on the model of the complex (Figs. 6 and 7A) and analysis using the ZDock program, which thoroughly analyzes the most favorable protein-protein interaction sites, hydrophobic forces could be the major interactions between the two proteins. For example, GST pi fragment 115-124 is close to fragment 163-169 of 1-Cys Prx. Tyr 118 of GST pi is thus only 3.5 Å away from Val 163 of 1-Cys Prx, a distance sufficiently close for a hydrophobic interaction. Moreover, Val 119 of GST pi is situated 4.1 Å from Val 164 of 1-Cys Prx, reinforcing the likelihood of hydrophobic interactions between the two types of subunit. In the case of GST pi fragment 41-85, the aromatic ring of Tyr 49 of GST pi is 3 Å from that of Tyr 149 of 1-Cys Prx. This distance is sufficiently close for a pi-pi stacking interaction (less than 5.6 Å) [29] . Furthermore, the phenolic ring of Tyr 63 of GST pi is 4.4 Å from the benzyl ring of Phe 43 of 1-Cys Prx, also suggesting these two residues may interact through pi-pi stacking. Electrostatic interactions between the two enzymes may also be important. For example, the negatively charged carboxylate of Asp 171 of GST pi is 4.2 Å from the positively charged amino group of Arg 219 of 1-Cys Prx. Additionally, the imidazole group of His 162 in GST pi is situated 4.9 Å from the carboxyl group of Asp 180 of 1-Cys Prx. Therefore, if the pK of the Histidine is high enough, these two residues may interact electrostatically. Fig. 7 shows the crystal structures of homodimeric human 1-Cys Prx and GST pi as compared to the proposed model of the heterodimer (Fig. 7A) ; in this heterodimer, on the 1-Cys Prx subunit (cyan) we have highlighted in white the peptides considered close to GST pi. Fig. 7B depicts 1-Cys Prx with the two subunits shown in cyan and gold, respectively, and with peptides in close contact with GST pi in the heterodimer highlighted in yellow and white. Interestingly, the amino acids that appear to be part of the heterodimer interface are also part of the subunit interface of the 1-Cys Prx homodimer. In contrast, when we analyze the crystal structure of homodimeric human GST pi (Fig. 7C) , with subunits shown in pink and yellow, and highlight the major peptides (shown in the same color as in Fig. 7A ) that are in close contact with 1-Cys Prx in the heterodimer, most of the amino acids that appear to be part of heterodimer interface are not part of the subunit interface of the GST pi homodimer. The red, green and orange peptide regions are far from the interface of the GST pi subunits (Fig. 7C) . Only a small section of the peptide 41-85 (highlighted in cyan on one subunit and blue on the other subunit) makes close contact in the GST pi homodimer (Fig. 7C) . We suggest that GST pi predominantly utilizes a different interface for other protein-protein interactions that is distinguishable from the homodimeric interface. GST pi appears to form complexes with other proteins such as Jun N-terminal kinase [30] [31] [32] and tumor necrosis factor alpha [33] . If the other proteins interact entirely with the same site of GST pi occupied by 1-Cys Prx, complexes with these proteins seem likely to form with a GST monomer. In the case of the GST pi/1-Cys Prx, the subunit interface of 1-Cys Prx is the same for another subunit of 1-Cys Prx or for a GST pi subunit, thus allowing only one subunit of 1-Cys Prx to interact with one subunit of GST pi.
The involvement of GST pi in protein-protein interactions constitutes an important new role for GST pi and must affect the manner in which GST pi influences the cellular response to oxidative stress. Furthermore, since both enzymes are overexpressed in tumor cells, understanding this important interaction may lead to an innovative approach for the development of peptidomimetic agents that may inhibit the formation of the complex in patients undergoing cancer radiation therapy. Radiation therapy for cancer results in the local formation of peroxides that injure the tumor cells, to the benefit of the patients. On the other hand, active GST pi/1-Cys Prx complex may rapidly decompose the peroxides, thereby interfering with the effects of radiation therapy. In this case, inhibitors of complex formation could be a useful adjuvant to radiation therapy.
In summary, we have examined the interaction of glutathione S-transferase pi with 1-Cys peroxiredoxin in order to increase knowledge of the chemical and structural basis of the activation by GST pi of 1-Cys Prx. Three main characteristics were identified: first, the complex is a heterodimer. This led to the second characteristic: GST pi is active as a monomer. Finally, we identified GST pi residues 41-85 and 115-124 as the critical contact sites between GST pi and 1-Cys Prx. HPLC separation of GST pi peptides resulting from digestion with Staphylococcal V8 protease. The digest was fractionated on a C18 column, as described under Materials and methods, and the effluent was monitored at A 220 nm . The gradient in acetonitrile is shown by the dotted line. Sequences of synthetic peptides of GST pi that were examined for interaction with 1-Cys Prx. a In all cases, the enzyme (0.1-0.4 mg/mL) was in 0.05 M MES (pH 6.5) containing various concentrations of KBr.
b The concentration of GSH (25 mM) is saturating.
c GST activity, in the presence of various concentrations of KBr, was measured using CDNB as the electrophilic substrate.
Arch Biochem Biophys. Author manuscript; available in PMC 2016 July 11.
